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Abstract: Three alkaline mixtures (NaOH/thiourea, NaOH/urea/thiourea, NaOH/urea/ZnO) and
sulfuric acid were used at low temperatures as cellulose solvents, and their cellulose solubility and
films’ physical properties for bleached chemical wood pulps and cotton linter were compared. Their
degree of polymerization (DP) was controlled to 600–800 before dissolution. Among the alkaline
solvents, NaOH/urea/ZnO gave the film the highest tensile strength and stretch. When compared to
sulfuric acid, NaOH/urea/ZnO gave lower strength properties but higher crystallinity indices in
the films. While alkaline solvents could not dissolve the high DP cellulose (DP ~ 2000), sulfuric acid
could dissolve the high DP cellulose at below zero Celsius temperature, and the strength properties of
the films were not much different from that of the low DP one. It appeared that the low-temperature
sulfuric acid treatment did away with the cellulose’s DP controlling stage; it decreased cellulose DP
very quickly for the high-DP cellulose at the initial stage, and as soon as the cellulose DP reached a
DP low enough for dissolution, it began to dissolve the cellulose to result in stable cellulose solution.

Keywords: cellulose film; cellulose solvent; alkali/urea; sulfuric acid; degree of polymerization;
cellulose dissolution

1. Introduction

Bio-polymers from natural resources have gained much attention as an alternative
to petroleum-based polymers due to their equivalent or better functionality, renewability,
and biodegradability. Cellulose is one of the most abundant glucose-based bio-polymers
available on the planet, representing about 1.5 × 1012 tons of the total annual biomass
production [1].

It has excellent physical properties such as high elastic modulus and low coefficient of
thermal expansion, as well as biodegradability and renewability [2].

Besides many practical utilization methods such as making pulp and paper, one way
of using cellulose is by its dissolved form. Dissolved cellulose can be used to make a vari-
ety of products from regenerated textile fibers, packaging films, and cellulose derivatives,
which are commercially produced for manufacturing advanced materials, such as sepa-
ration membrane, hydrogel for bio-medical engineering, electronic devices, and various
regenerated nano-fibers depending on their shapes and regeneration methods [3–5].

Cellulose, however, is insoluble in water and in most organic solvents due to its
crystalline structure, where a high intra- and intermolecular hydrogen bond exists [6].
Recently, it has been reported that the amphiphilic nature of cellulose also contributed to its
insolubility [7]. Thus, developing a powerful solvent for preparing homogeneous cellulose
solutions is necessary but complicated.

Many researchers have developed powerful cellulose solvents and processes, such as
the cupro process using Cu(NH3)4(OH)2, viscose process using NaOH, and CS2, DMAc/LiCl
(dimethylacetamide/lithiumchloride), ionic liquid, and N-methylmorpholine-N-oxide
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(NMMO) [8–10]. Until recently, over 70% of dissolving pulp worldwide has been used
in the production of viscose staples using the viscose process alone [11]. However, due
to the high cost of CS2 and its toxicity and flammability, the viscose industry needs to
employ more and more effective systems for recovering CS2 and H2S (a byproduct from
the process) [9]. Regenerated cellulose fibers obtained from the NMMO system named
Lyocell, with TENCEL® as the brand name, are now widely used throughout the world.
They have many advantages for commercialization over the viscose process, such that
the recovery system of NMMO can be designed to recover >99% of the solvent and the
biodegradable nature of the accidentally leaked NMMO. Cai and Zhang developed an
alkali/urea aqueous solution to dissolve cellulose rapidly in 2 min at low temperature,
which has a much simpler dissolution process than the other solvents [12]. The components
of the solvent, such as NaOH and urea, are non-toxic and low-cost. However, cellulose
pulp with a molecular weight lower than 1.14 × 105 g/mol was dissolved in a 7 wt%
NaOH/12 wt% urea aqueous solution.

Since then, researchers have developed NaOH/thiourea [13] and NaOH/urea/zincate
aqueous solutions (NaOH/urea/ZnO) by adding zinc oxide to the existing NaOH/urea
aqueous solution [14]. Jin et al. developed NaOH/urea/thiourea aqueous solution [15].
All three above alkali solvents showed higher cellulose solubility than alkali/urea solvents,
but they still had the limitation of dissolving high molecular weight cellulose. Therefore,
the pretreatment, such as acid hydrolysis and hot-water treatment for lowering cellulose
molecular weight, as well as removing hemicellulose, was effectively applied to dissolve
cellulose [11,16]. Huang et al. reported using a spruce bleached kraft pulp (BKP) with a high
molecular weight (4.10 × 105 g/mol), and 87.3% of α-cellulose content could be dissolved
in 64 wt% sulfuric acid at low temperature; the cellulose solution could form transparent
cellulose films with good mechanical properties at 2 wt% of low concentration [17]. The
fact that NaOH, urea, thiourea, ZnO, and sulfuric acid are less expensive and their handling
methods in real practice are well known even though their industrial process has some
challenges such as equipment corrosion and a poor recovery system.

In this study, four different alkaline cellulose solvents (NaOH/urea, NaOH/thiourea,
NaOH/urea/ZnO, and NaOH/urea/thiourea) and sulfuric acid were used to compare
their dissolving effectiveness and the physical quality of their regenerated cellulose films.
Besides, three different cellulose resources, such as cotton linter, softwood BKP, and hard-
wood BKP, were dissolved in an alkaline and acid solvent system to establish whether the
molecular weight and the origin of the cellulose affects solvent solubility and physical
properties of cellulose films.

2. Materials and Methods
2.1. Materials

The characteristics of the cellulose materials used for dissolution are summarized in
Table 1. Softwood and hardwood BKP and cotton linter were used as cellulose materials
with a high degree of polymerization (DP). To decrease the DP of cellulose, cotton linter
and softwood BKP were irradiated with electron beam (Co-E and Sw-E in Table 1) and
softwood and hardwood BKP were pretreated with dilute sulfuric acid (Sw-A and Hw-
A). The electron beam irradiation energy was adjusted so that the average dosage of the
beam to the samples became 20 kGy by the electron accelerator with 1.0 MeV irradiation
energy (ELV-4 type, EB Tech Co., Daejeon, Korea). For dilute acid pretreatment, 1 g of
softwood and hardwood BKP was treated with 20 mL 0.5 M H2SO4 at 70 ◦C for 90 and
180 min, respectively. DP of each cellulose sample was calculated from cellulose solution
viscosity, which was measured by TAPPI standard capillary viscometer method using a
0.5 M cupriethylenediamine (CED) as a cellulose solvent (TAPPI Standard T230-om 99).
The viscosities of 0.5 w/v% cellulose solutions using 0.5 M CED as a solvent determined
as centipoises (cPs) were converted to DP by Equation (1) [18]. Alpha-cellulose content
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of each sample was measured following the TAPPI standard method T203-cm 99 (TAPPI
Standard, 1999).

DPW = 118.019 × ln V2 + 598.404 × ln V − 449.61 (1)

where DPW is the weight average degree of polymerization of cellulose and V is the
CED viscosity (cPs) of 0.5 w/v% cellulose in 0.5 M CED solutions which was determined
according to TAPPI Standard T230-om 99

Table 1. Characteristics of cellulose resources.

Sample
ID

Cellulose
Source Characteristics and Pretreatment CED

Viscosity 1 (cPs) DP 2 α-Cellulose
(%)

Sw Softwood
BKP

Mixture of hemlock, douglas fir, and cedar BKP
from Canada 15.6 2086 89.7

Hw Hardwood
BKP Mixture of aspen and poplar BKP from Canada 14.6 2003 85.8

Co Cotton linter China first cut, pretreated with pulping
and bleaching 16.6 2164 98.0

Co-E Cotton linter Cotton linter, electron beam treatment (20 kGy) 4.0 607 97.2

Sw-E Softwood
BKP Softwood BKP, electron beam treatment (20 kGy) 3.8 560 85.1

Sw-A Softwood
BKP

Softwood BKP, diluted acid treatment
(1 g pulp/20 mL 0.5 M H2SO4, 70◦C, 90 min) 4.8 780 82.8

Hw-A Hardwood
BKP

Hardwood BKP, diluted acid treatment
(1 g pulp/20 mL 0.5 M H2SO4, 70 ◦C, 180 min) 4.8 778 75.3

1 0.5 w/v% cellulose/0.5 M CED solution viscosity measured from TAPPI standard T230-om 99. 2 Degree of polymerization.

2.2. Cellulose Solvent Preparation

Alkaline and sulfuric acid solvents were prepared by following the
literature [12–15,17]. The solvent component ratios, pre-cooling temperatures, and cotton
linter solubility values are summarized in Table 2. The solubility of cellulose in each alka-
line solvent was determined by centrifugation. A total of 3.5 g of cellulose (Co-E in Table 1)
was added into 100 g of each pre-cooled alkali/additive at the preset temperature, and
vigorous mechanical stirring (3000 rpm) was applied for 10 min, followed by centrifugation
with 1900× g for 10 min (MF 600, Hanil Instrument, Gimpo, Korea). After centrifugation,
the settled fraction was considered insoluble fractions and was thoroughly washed using
water on glass filter (G3, ~20 µm of pore size) and at 105 ◦C for 24 h. The solubility of
cellulose in each alkaline solvent was calculated by Equation (2).

Solubility (%) =
W0 − W1

W0
× 100 (2)

where W0 is the weight of original cellulose, and W1 is the dried weight of settled fraction
after centrifuge.

Table 2. The components of cellulose solvents.

Solvent
Component

Ratio
(wt%)

Pre-Cooling
Temperature

(◦C)
Solubility (%) 2 Ref.

NaOH/urea/water 1 7:12:81 −12 61.2 [12]
NaOH/urea/ZnO/water 7:12:0.5:80.5 −12 >99 [13]
NaOH/thiourea/water 9.5:4.5:86 −6 >99 [14]

NaOH/urea/thiourea/water 8:8:6.5:77.5 −6 >99 [15]
Sulfuric acid 64 −20 >99 [17]

1 No more use in this study due to its low dissolving capability. 2 3.5 g of cotton linter (Co-E in Table 1) was used for 100 g of each solvent.
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The solubility of cotton linter (Co-E in Table 1. DP 607) in NaOH/urea/water solvents
was very low, and cellulose film could not be made.

2.3. Dissolution and Film Casting

A total of 3.5 g of cellulose with a low DP (~DP800, pretreated cellulose samples
in Table 1) was added into 100 g of each alkali/additive for cellulose dissolution and
centrifuged according to the already mentioned method in Section 2.2, respectively. The
centrifuge was applied to remove not only the insoluble particles but also gas in the solution
to obtain a homogeneous cellulose solution. The pre-calculated amount of cellulose solution
was then spread onto a glass plate to form the film of 30 g/m2 in dried basis weight, and
the glass plate was immersed immediately into the coagulation bath containing 5 wt%
H2SO4 and 5 wt% Na2SO4 at room temperature for 20 min. Finally, the resulting wet film
was thoroughly washed with water, separated from the glass plate, and set between filter
papers to dry in the air.

In the sulfuric acid solvent system, 1.5 g of cellulose fiber with low and high DP
(all cellulose samples in Table 1) was dissolved in the 100 mL of 64 wt% sulfuric acid
solvent pre-cooled to −20 ◦C, respectively, and vigorous mechanical stirring (3000 rpm)
was applied for 5 min, followed by centrifugation for removing the gas and insoluble
particles (<1% of insolubility in the all cellulose samples in the sulfuric acid case). The
homogeneous cellulose solution was spread onto a cold glass plate to provide the gel sheets
with 30 g/m2 of basis weight. They were immediately immersed into the coagulation
bath of 10 wt% NaOH solution at 0–4 ◦C for 30 min. After coagulation, wet films were
thoroughly washed, separated, and set between filter papers to dry in the air.

2.4. Characterization
2.4.1. Mechanical Properties

The mechanical properties of cellulose film were measured using universal tensile
testing machine (Micro 350, Testometric Co., Ltd., Rochdale, UK). The samples were cut in
strips of 10 × 60 mm and then kept at 50% of RH and 23 ◦C for several days before testing
with 30 mm of span, 10 mm/min of test speed. Thickness of each sample was measured by
using micrometer (L&W Micrometer, Lorentzen & Wettre, Stockholm, Sweden) and, the
density of each film (g/cm3) was calculated from its basis weight (g/m2) divided by its
thickness (µm). Breaking length is the measure of tensile strength, but it compensates basis
weight differences between samples in the tensile strength measurement (ISO 1924-1, 1992).
It can be calculated from the tensile strength divided by basis weight. Stretch and Young’s
modulus was also measured.

2.4.2. X-ray Diffraction (XRD)

The XRD pattern of samples obtained by powder XRD using a Bruker AXS D8 AD-
VANCE diffractometer (Bruker, Billerica, MA, USA)with CuKα radiation source (40 kV and
40 mA), 2θ = 5◦ and 70◦, divergence angle of 0.2◦, step size of 0.02. The crystallinity (CrI)
of samples was determined from each XRD intensity curve (Figure S1) by using Segal’s
method [19] (see Equation (3)).

CrI(%) =
It − Ia

It
× 100 (3)

where It is the maximum intensity of the (200) peak for cellulose I at around 22.7◦ 2θ and
of the (020) peak for cellulose II at around 21.7◦ 2θ and Ia is the amorphous intensity at 18◦

2θ for cellulose I, 16◦ 2θ for cellulose II, respectively [20].

2.4.3. Thermogravimetric Analysis

TGA test was carried out by using TGA instrument (Mettler Toledo) with a sample
weight of 4 mg, and the sample was heated from 25 ◦C to 500 ◦C at a heating rate of
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10 ‘◦C/min under a nitrogen atmosphere. Thermal degradation temperatures of each
sample were determined from the TGA curves (Figure S2), respectively.

2.4.4. Cellulose Film Viscosity

The cellulose solvent consisting of DMAc/LiCl was used to dissolve the films, and
their intrinsic viscosities were measured and calculated [9]. For the intrinsic viscosity
measurement, dry weights of 0.050 g, 0.100 g, 0.150 g, and 0.200 g for each film sample
were dissolved in 9 wt% DMAc/LiCl at 50 ◦C for 1 day after the solvent exchange [2]. The
intrinsic viscosity of each sample was obtained by extrapolating the measured viscosities
by using a Cannon-Fenske capillary viscometer at 30 ◦C.

3. Results
3.1. Comparision of Alkaline Cellulose Solvents

The physical properties of cellulose films from alkaline solvents were compared for the
low DP cotton linter (see Table 3). The crystallinity and thermal degradation temperature
by TGA of the cotton linter before dissolution were 64.1% and 361.4 ◦C, respectively, i.e.,
decreased considerably for the films prepared by using alkaline cellulose solvents (see
Table 3). Among others, the NaOH/urea/ZnO system yielded high mechanical properties,
such as high breaking length and high stretch. Yang et al. reported that the thermal stability
and the tensile strength of cellulose films prepared from the NaOH/urea/ZnO solvent
were higher than those prepared from the NaOH/urea solvent without ZnO, and explained
that it was due to better solubility and miscibility of the cellulose in the solvent of the
NaOH/urea/ZnO aqueous solution [14]. The NaOH/urea/ZnO solvent was selected to
compare the physical properties of the films prepared from alkaline cellulose solvent to
those of acid solvent. The NaOH/thiourea solvent made films of high Young’s modulus
and high crystallinity index but low tensile strength. It was already presented by Gindl
and Keckes that a high crystallinity of the cellulose materials increased their Young’s
moduli [21].

Table 3. Physical properties of films prepared by alkaline cellulose solvents.

Sample Cellulose
Solvent

Density
(g/cm3)

Breaking
Length

(km)

Stretch
(%)

Young’s
Modulus

(Gpa)
CrI (%) TGA

(◦C)

Cotton linter,
Co-E (4 cPs)

Blank - - - - 64.1 361.4
NaOH/urea/thiourea 1.16 ± 0.23 4.88 ± 0.44 3.37 ± 0.82 2.41 ± 0.12 51.9 322.2

NaOH/urea/ZnO 1.25 ± 0.14 5.33 ± 0.66 8.85 ± 3.53 2.89 ± 0.24 53.8 334.5
NaOH/Thiourea 1.18 ± 0.26 4.25 ± 0.49 4.01 ± 1.80 3.30 ± 0.21 58.2 327.5

3.2. Comparision of Alkaline and Sulfuric Acid Cellulose Solvents

Strength properties for the films prepared from NaOH/urea/ZnO and sulfuric acid
solvents are shown in Table 4. Sulfuric acid gave higher breaking length and stretch
than the NaOH/urea/ZnO solvent system but a lower Young’s modulus. It was also
observed that the dissolution of the raw materials (cellulose fibers before dissolution)
with cellulose solvents to make films decreased cellulose crystallinity greatly (more than
20% in crystallinity index), and the films prepared from the NaOH/urea/ZnO system
showed higher crystallinity than those from sulfuric acid. There was a similar case in the
NaOH/thiourea system in Table 3, where higher crystallinity indices of the films produced
a higher Young’s moduli in the films. It was expected that the sulfuric acid solvent may
break ether linkage between glucose molecules more effectively and would result in lower
cellulose DP and lower tensile strength of the films even though its dissolution occurred
at a very low temperature. However, higher tensile strength was observed for the films
from the sulfuric acid solvent when compared to the NaOH/urea/ZnO solvent in the
present study.
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Table 4. Physical properties of films prepared from low DP cellulose by using NaOH/urea/ZnO and sulfuric acid as
cellulose solvents.

Sample
Initial

Cellulose
DP

Density
(g/cm3)

Cellulose
Solvent

Breaking
Length

(km)

Stretch (%)
(Strain to
Failure)

Young’s
Modulus

(Gpa)

CrI
(%)

Hw-A 1 778 - - - - 72.85 ± 1.22
Sw-A 1 780 - - - - 76.12 ± 2.31
Co-E 1 607 - - - - 80.10 ± 2.56

Hw-A 2 778 1.22 ± 0.10 NaOH/urea/ZnO 3.57 ± 0.30 4.82 ± 2.32 3.33 ± 0.44 49.15 ± 3.61
Sw-A 2 780 1.15 ± 0.13 NaOH/urea/ZnO 3.47 ± 0.11 4.31 ± 0.64 3.66 ± 0.34 54.06 ± 2.10
Co-E 2 607 1.25 ± 0.14 NaOH/urea/ZnO 5.33 ± 0.66 8.85 ± 3.53 2.89 ± 0.24 53.78 ± 1.30

Hw-A 2 778 1.17 ± 0.12 H2SO4 4.72 ± 0.47 9.47 ± 2.00 2.78 ± 0.34 44.03 ± 1.05
Sw-A 2 780 1.16 ± 0.10 H2SO4 4.46 ± 0.26 6.95 ± 1.14 2.79 ± 0.12 44.87 ± 2.01
Co-E 2 607 1.13 ± 0.13 H2SO4 5.73 ± 0.54 10.09 ± 2.70 2.83 ± 0.33 38.48 ± 1.33
Hw 3 2003 1.18 ± 0.10 H2SO4 4.35 ± 0.37 3.69 ± 0.39 2.91 ± 0.24 47.70 ± 1.05
Sw 3 2086 1.19 ± 0.11 H2SO4 4.75 ± 0.25 4.92 ± 1.34 2.87 ± 0.28 48.70 ± 2.01
Co 3 2164 1.18 ± 0.10 H2SO4 4.69 ± 0.40 5.31 ± 1.80 2.98 ± 0.17 42.80 ± 1.33
1 Cellulosic raw materials, reduced DP by alkali (A) and electron beam (E). 2 Cellulose film samples prepared from reduced DP cellulose.
3 Cellulose film samples prepared from cellulosic raw materials.

3.3. Properties of the Films Prepared from High and Low DP Cellulose

It was expected that the films from high DP cellulose (DP~2000) might allow a higher
tensile strength as long as they are dissolved in alkaline or acid solvent without difficulty.
However, alkaline cellulose solvent could not dissolve high DP (=2086) softwood celluloses
listed in Table 1. Only with sulfuric acid, the films were prepared from both high and
low DP celluloses, and their mechanical and physical properties are compared in Table 4.
From Table 4, it was found that the films from the low DP cellulose gave almost identical
breaking lengths to those of the high DP one within experimental error except the cotton
linter case. These results were not expected. It was expected that the high DP cellulose
might give longer cellulose chains after dissolution, and longer cellulose chains may allow
higher strength films. The high DP cellulose gave a lower stretch but higher average values
of Young’s modulus and crystallinity index in Table 4.

3.4. Measurement of Viscosity of the Films

DMAc/LiCl was used for the intrinsic viscosity measurement of the films prepared
from softwood because the films were not dissolved well in CED. The crystallinity and
intrinsic viscosity results are shown in Table 5. There were few differences in the crystallini-
ties of the films this time. There were clear differences in intrinsic viscosity between low
and high DP softwood fibers before dissolution, but only little differences between their
films made by sulfuric acid dissolution. If two films had very close intrinsic viscosities,
they might consist of identical size cellulose molecules. It seemed that the sulfuric acid
solvent system quickly lowered the DP for the high DP cellulose initially, and later, more
dissolving reactions occurred for the cellulose with lowered DP. The film viscosity from
high DP cellulose converged to that of the low DP cellulose after all. If it was the case, the
sulfuric acid treatment system at low temperature may remove the DP controlling stage
before the dissolving process and may allow a simple cellulose dissolving system with
excellent film physical properties.
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Table 5. Crystallinity index and intrinsic viscosity of the high and low DP cellulose films prepared
from softwood BKP fibers by using sulfuric acid.

Initial Cellulose
DP

Intrinsic Viscosity
by DMAc/LiCl

(mL/g)

CrI
(%)

High DP softwood (Sw) 2086 757.17 79.90

Low DP softwood (Sw-E) 780 463.72 76.12

Film from high DP softwood
(Sw film-H2SO4) - 425.15 48.19

Film from low DP
softwood(Sw-E film H2SO4) - 397.86 44.38

4. Discussion

NaOH/urea/ZnO cellulose solvent gave higher film strength properties, such as
higher breaking length and stretch than the other alkaline solvents. This is thought to be
due to the higher stability of NaOH/urea/ZnO solvent than the other alkaline solvents
such as NaOH/urea and NaOH/thiourea system, and the highly stable cellulose solution
improves the cellulose molecular structure in the film during regeneration [14,15]. The
films prepared from alkaline solvents gave higher Young’s moduli and crystallinity index
but lower breaking lengths (Table 3) when compared to those from the sulfuric acid
solvent, even though their density values were not so different. Therefore, the differences
in mechanical properties of films were more related to others, including their DP and
crystallinity, and were not much sensitive to the density values. For the sulfuric acid
case, it can break ether linkages of the cellulose chains and may lower the cellulose DP
during the cellulose dissolution simultaneously, while the alkaline solvents do not lower
the cellulose DP during the dissolution process. The decrease of DP occurred in the sulfuric
acid solvent system even at a low temperature of −20 ◦C [17]. The lowered DP cellulose
by acid solvent seemed to induce low crystallinity, and the low crystallinity caused low
Young’s moduli of the films [22]. The films from the sulfuric acid solvent had higher
strength and stretch than those from the alkaline solvent. There were explanations that in
the different solvent systems, DP of cellulose has a weaker relationship with regenerated
film strength properties because other parameters such as different gel formation speed
derived from different solvents during regeneration affect it more [23]. Additionally, we
suggest that the amorphous structure (or lower crystallinity) of the film from the acid
solvent may have caused a greater stretch, and the film from the acid solvent continued
to hold the load until its tensile failure load reached beyond the tensile failure load of the
films from alkaline solvents.

Another point was that the cold-temperature sulfuric acid could not dissolve the high
DP cellulose, but the only reaction in that situation was mainly to lower the cellulose DP
until the DP reached the point that cold sulfuric acid could dissolve it. By examining
Table 5, we could confirm the mechanism; the intrinsic viscosities of the high and low DP
softwood by DMAc/LiCl were quite different before film formation, but their film DPs
were very close after all.

5. Conclusions

Three alkaline (NaOH/thiourea, NaOH/urea/thiourea, and NaOH/urea/ZnO) and
sulfuric acid cellulose solvent systems were compared with respect to their solubility and
film physical properties for bleached chemical pulps from softwood, hardwood, and a
cotton linter, respectively.

In three alkaline solvents, NaOH/urea/ZnO gave higher film properties, such as
mechanical strength, which seems to be due to the higher stability of the solvent.

Cold sulfuric acid solvent gave cellulose films greater mechanical properties than
the alkaline solvents. Furthermore, the cold sulfuric acid solvent system could use high
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DP cellulose without pretreatment of lowering cellulose DP. Actually, the alkaline solvent
system could not dissolve the high DP cellulose and should need pretreatment. It was
found that in the sulfuric acid solvent system, the DP of the high DP cellulose was degraded
to low DP initially until the cold sulfuric acid could dissolve the cellulose. Therefore, the
DP of the films from the high and the low DP wood cellulose was not much different, and
the films gave very similar film mechanical properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14185273/s1, Figure S1: XRD curves of cellulose resources and their films prepared by
alkaline and sulfuric acid solvents; Figure S2: TGA curves of electron beam (20 kGy) irradiated cotton
linter (Co-E) and its cellulose films prepared by alkaline solvents, NaOH/urea/ZnO (Co-E ZnO),
NaOH/thiourea (Co-E Thiourea), NaOH/urea/thiourea (Co-E NTU).

Author Contributions: Conceptualization, J.H.; Supervision, Y.S.; Writing—original draft, J.H.;
Writing—review & editing, J.H. and Y.S. Both authors have read and agreed to the published version
of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable for this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fink, H.P.; Ganster, J.; Lehmann, A. Progress in cellulose shaping: 20 years industrial case studies at Fraunhofer IAP. Cellulose

2014, 21, 31–51. [CrossRef]
2. Nishino, T.; Matsuda, I.; Hirao, K. All-cellulose composite. Macromolecules 2004, 37, 7683–7687. [CrossRef]
3. Wang, S.; Lu, A.; Zhang, L. Recent advances in regenerated cellulose materials. Prog. Polym. Sci. 2016, 53, 169–206. [CrossRef]
4. Gabr, M.; Phong, N.T.; Kazuya, O.; Kiyoshi, U.; Isao, K.; Toru, F. Thermal and mechanical properties of electrospun nano-cellulose

reinforced epoxy composites. Polym. Test. 2014, 37, 51–58. [CrossRef]
5. Mahadeva, S.K.; Yang, S.Y.; Kim, J.H. Effects of Solvent Systems on Its Structure Properties and Electromechanical Behavior of

Cellulose Electro-Active Paper. Curr. Org. Chem. 2013, 17, 83–88. [CrossRef]
6. Lindman, B.; Karlström, G.; Stigsson, L. On the mechanism of dissolution of cellulose. J. Mol. Liq. 2010, 156, 76–81. [CrossRef]
7. Budtiva, T.; Navard, P. Cellulose in NaOH-water based solvents: A review. Cellulose 2016, 23, 5–55. [CrossRef]
8. Patrick, W.M. Lyocell: The production process and market development. In Regenrated Cellulose Fibers, 1st ed.; Woodings, C., Ed.;

Woodheard Publishing: Sawston, UK, 2001; Volume 1, pp. 62–86.
9. McCormick, C.L.; Callais, P.A.; Hutchinson, B.H., Jr. Solution Studies of Cellulose in Lithium Chloride and N,N-

Dimethylacetamide. Macromolecules 1985, 18, 2394–2401. [CrossRef]
10. Swatloski, R.P.; Spear, S.K.; Holbrey, J.D.; Rogers, R.D. Dissolution of Cellulose with Ionic Liquids. J. Am. Chem. Soc. 2002, 124,

4974–4975. [CrossRef]
11. Kumar, H.; Christopher, L.P. Recent trends and developments in dissolving pulp production and application. Cellulose 2017, 24,

2347–2365. [CrossRef]
12. Cai, J.; Zhang, L. Rapid Dissolution of Cellulose in LiOH/Urea and NaOH/Urea Aqueous Solutions. Macromol. Biosci. 2005, 5,

539–548. [CrossRef]
13. Ruan, D.; Lue, A.; Zhang, L. Gelation behaviors of cellulose solution dissolved in aqueous NaOH/thiourea at low temperature.

Polymer 2008, 49, 1027–1036. [CrossRef]
14. Yang, Q.; Qin, X.; Zhang, L. Properties of cellulose films prepared from NaOH/urea/zincate aqueous solution at low temperature.

Cellulose 2011, 18, 681–688. [CrossRef]
15. Jin, H.; Zha, C.; Gu, L. Direct dissolution of cellulose in NaOH/thiourea/urea aqueous solution. Carbohydr. Res. 2007, 342,

851–858. [CrossRef]
16. Shi, Z.; Yang, Q.; Kuga, S.; Matsumoto, Y. Dissolution of Wood Pulp in Aqueous NaOH/Urea Solution via Dilute Acid

Pretreatment. J. Agric. Food Chem. 2015, 63, 6113–6119. [CrossRef]
17. Huang, W.; Wang, Y.; Zhang, L.; Chen, L. Rapid dissolution of spruce cellulose in H2SO4 aqueous solution at low temperature.

Cellulose 2016, 23, 3463–3473. [CrossRef]
18. Morton, J.H. Viscosity/DP relationships for cellulose dissolved in cuprammonium and cupriethylenediamine solvents. In The

Chemistry and Processing of Wood and Plant Fibrous Material; Proceedings of Cellucon ’94; Woodhead Publishing: Sawston, UK,
1996; pp. 151–158.

19. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An empirical method for estimating the degree of crystallinity of native cellulose
using the X-ray diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

https://www.mdpi.com/article/10.3390/ma14185273/s1
https://www.mdpi.com/article/10.3390/ma14185273/s1
http://doi.org/10.1007/s10570-013-0137-7
http://doi.org/10.1021/ma049300h
http://doi.org/10.1016/j.progpolymsci.2015.07.003
http://doi.org/10.1016/j.polymertesting.2014.04.010
http://doi.org/10.2174/138527213805289114
http://doi.org/10.1016/j.molliq.2010.04.016
http://doi.org/10.1007/s10570-015-0779-8
http://doi.org/10.1021/ma00154a010
http://doi.org/10.1021/ja025790m
http://doi.org/10.1007/s10570-017-1285-y
http://doi.org/10.1002/mabi.200400222
http://doi.org/10.1016/j.polymer.2007.12.044
http://doi.org/10.1007/s10570-011-9514-2
http://doi.org/10.1016/j.carres.2006.12.023
http://doi.org/10.1021/acs.jafc.5b01714
http://doi.org/10.1007/s10570-016-1047-2
http://doi.org/10.1177/004051755902901003


Materials 2021, 14, 5273 9 of 9

20. Nam, S.H.; French, A.D.; Condon, B.D.; Concha, M. Segal crystallinity index revisited by the simulation of X-ray diffraction
patterns of cotton cellulose Iβ and cellulose II. Carbohydr. Polym. 2016, 135, 1–9. [CrossRef] [PubMed]

21. Gindl, W.; Keckes, J. All-cellulose nanocomposite. Polymer 2005, 46, 10221–10225. [CrossRef]
22. Sixta, H.; Michud, A.; Hauru, L.; Asaadi, S.; Ma, Y.; King, A.W.T.; Kilpeläinen, I.; Hummel, M. Ioncell-F: A High-strength

regenerated cellulose fibre. Nord. Pulp. Pap. Res. J. 2015, 30, 43–57. [CrossRef]
23. Zheng, X.; Huang, F.; Chen, L.; Huang, L.; Cao, S.; Ma, X. Preparation of transparent film via cellulose regeneration: Correlations

between ionic liquid and film properties. Carbohydr. Polym. 2019, 203, 214–218. [CrossRef] [PubMed]

http://doi.org/10.1016/j.carbpol.2015.08.035
http://www.ncbi.nlm.nih.gov/pubmed/26453844
http://doi.org/10.1016/j.polymer.2005.08.040
http://doi.org/10.3183/npprj-2015-30-01-p043-057
http://doi.org/10.1016/j.carbpol.2018.09.060
http://www.ncbi.nlm.nih.gov/pubmed/30318206

	Introduction 
	Materials and Methods 
	Materials 
	Cellulose Solvent Preparation 
	Dissolution and Film Casting 
	Characterization 
	Mechanical Properties 
	X-ray Diffraction (XRD) 
	Thermogravimetric Analysis 
	Cellulose Film Viscosity 


	Results 
	Comparision of Alkaline Cellulose Solvents 
	Comparision of Alkaline and Sulfuric Acid Cellulose Solvents 
	Properties of the Films Prepared from High and Low DP Cellulose 
	Measurement of Viscosity of the Films 

	Discussion 
	Conclusions 
	References

